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Tropical cyclone (TC) rapid intensity change negatively impacts forecast error. Many
studies have investigated rapid intensification, but fewer explore rapid weakening, particularly
with aircraft observations due to fewer weakening TCs being flown. This study assesses factors
contributing to the rapid weakening of Hurricane Lorenzo (2019) and the comparatively slower
weakening of Hurricane Florence (2018) using aircraft observations and satellite-based products
to enhance understanding of processes related to TC weakening.
Intrusion of environmental dry air into Lorenzo’s core under persistent moderate vertical
wind shear, in conjunction with quickly decreasing SSTs, largely contributed to the TC’s rapid
weakening. Conversely, SSTs were higher and decreased more slowly along Florence’s track,
and dry air did not reach the TC's core. Confirming these processes with both aircraft and
satellite observations implies that satellite analysis in the absence of reconnaissance could detect
these features to some extent which may support future operational forecasting.
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CHAPTER I
INTRODUCTION
Tropical cyclones (TCs) are warm-core low pressure systems that form over the tropical
or subtropical oceans and produce numerous hazards that can threaten life and property,
including strong winds, heavy rain, and storm surge. Such hazards are influenced by factors such
as the TC’s size, structure, and intensity (the latter estimated as the 1-minute, 10-meter
maximum sustained wind speed). A TC can undergo swift intensity and structural changes as the
storm interacts with a changing environment and as small-scale processes within the TC respond
to variations in energy, mass, and momentum distribution. In general, TCs need high sea surface
temperatures (SSTs), sufficient moisture, and low vertical wind shear to support ongoing deep
convection (e.g., Merrill 1988). Yet TCs have been observed to intensify quickly in less-thanideal environments, such as moderate vertical wind shear as calculated between 200 and 850 hPa
(Rios-Berrios et al. 2018). Detailed observations of TCs as they respond to external influences
should enable a better understanding of their subsequent behavior and ultimately improve
forecast accuracy.
However, TCs form over the ocean where in situ observations are sparse, thus inhibiting
our ability to capture storm characteristics, particularly at smaller scales. When available,
forecasters heavily rely on reconnaissance aircraft observations to assess TC intensity and
evaluate their structure. Though both rapid intensification and weakening can negatively affect
forecast accuracy (e.g., Kaplan and DeMaria 2003; Wood and Ritchie 2015), these
1

reconnaissance missions tend to occur when TCs are intensifying or threatening land. As a result,
numerous studies have explored TCs observed by aircraft during phases of intensification (e.g.,
Fischer et al. 2020; Molinari and Vollaro 2010) yet fewer studies have done the same for
weakening TCs. This study evaluates the weakening of two mature TCs using aircraft
reconnaissance to make progress toward the goal of developing a conceptual model to identify
accelerated weakening based on simultaneous aircraft and satellite observations.
These efforts should improve our understanding of TC weakening, which has multiple
operational benefits beyond adding to our knowledge of TCs. Due to their high costs,
reconnaissance aircraft missions are typically limited to TCs with heightened societal impacts.
Another goal of this analysis is to inform forecaster interpretation of satellite imagery when
aircraft reconnaissance is unavailable. By identifying signatures of weakening via satellite
imagery previously corroborated by aircraft data, the number of flights into a storm can be
reduced. In the case of an active season when resources may run low, early identification of
weakening could be considered when prioritizing flights. Also, local forecasters at National
Weather Service (NWS) Weather Forecast Offices (WFOs) could offer additional guidance to
their communities with improved lead times if they are not waiting for aircraft observations.
The first storm selected for analysis in this study is Hurricane Lorenzo, which in
September 2019 had multiple rapid intensification (RI; an intensity increase of at least 30 kt
[15.4 m s-1] in 24 hours; Kaplan and DeMaria 2003) periods prior to peaking at Category 5
intensity over the open Atlantic and then underwent rapid weakening (RW; an over-ocean
intensity decrease of at least 30 kt in 24 hours; Wood and Ritchie 2015). Lorenzo remarkably
weakened from its peak intensity of 140 kt to 90 kt (72 m s-1 to 46.3 m s-1) in less than 24 hours,
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a period that overlapped with reconnaissance missions and thus produced a rare in situ
observational dataset of this type of rapid intensity change.
The second storm examined in this study occurred in September 2018: Hurricane
Florence weakened from its peak intensity of 130 kt to 110 kt (66.9 m s-1 to 56.6 m s-1) in a 24hour period as it advanced toward the U.S. Atlantic coast (Stewart and Berg 2019). This 24-hour
period was also investigated by reconnaissance aircraft due to Florence approaching the U.S.
Atlantic coastline. These two cases will be investigated to further our understanding of TC
structural evolution during weakening by assessing similarities and differences in both the TCs
themselves and their environments.
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CHAPTER II
BACKGROUND
The warm core at the center of a TC develops and strengthens through latent heat release
from eyewall convection, thus deep convection is a critical component for a TC to maintain its
intensity or to intensify. Intensifying TCs often exhibit strong convection within the radius of
maximum winds (RMW); greater inertial stability in this region confines the strong convection
and its associated diabatic heating to the inner core, thus strengthening the warm core and the TC
itself (e.g., Rogers et al. 2013; Hazelton et al. 2017). Conversely, TC weakening often occurs in
response to the erosion of deep convection near the TC center which can be induced by
ventilation, defined as the flux of low entropy air into the TC inner core (e.g., Tang and Emanuel
2010).
Ventilation can occur through internal processes and through changes in the TC
environment. At low levels within the storm, precipitation that evaporates in sub-saturated air
will cool that air, inducing downdrafts and decreasing entropy in the TC boundary layer (e.g.,
Powell 1990). If boundary layer entropy is not subsequently restored through latent and sensible
heat flux from the sea surface, that cooler and/or sub-saturated parcel will weaken eyewall
convection when it reaches the TC core. Outside the storm, vertical wind shear can advect low
entropy (cooler and/or drier) air from the environment toward the TC center. This air induces
evaporation, thus cooling the air, reducing its buoyancy, and suppressing convection (e.g.,
Simpson and Riehl 1958). Vertical wind shear can also tilt the vortex, broadening and thus
4

weakening its warm core, subsequently inducing ventilation through reduced inertial stability.
This vortex tilt also reduces the ability of the TC to maintain a moist, vertically stacked column,
thus decreasing the efficiency of the TC secondary circulation acting as a Carnot heat engine
(Emanuel 1997).
The first step of the Emanuel (1997) Carnot heat engine model assumes isothermal
inflow (flow toward the TC center) is occurring at the temperature of the surface, here the sea
surface. Once a given air parcel reaches the eyewall, that parcel nearly follows a moist adiabat as
it rises while conserving its saturation equivalent potential temperature; its temperature decreases
as rain reduces its moisture and pressure decreases. The parcel trajectory changes at the
tropopause as it reaches the TC outflow region (flow away from the TC center). Within the
outflow, this parcel undergoes radiative cooling and is isothermally compressed at the outflow
temperature before adiabatically sinking to the surface with an ambient (environmental) entropy
value (Tang and Emanuel 2010). Surface radial inflow would subsequently advect this air toward
the TC center, creating a cycle. At this final stage under ideal conditions, entropy would be
restored to this air parcel through latent and sensible heat flux from the sea surface, thus
providing energy to the TC once the parcel is lifted.
Ventilation decreases the maximum difference between the environmental entropy and
entropy in the eyewall. It thus decreases the thermodynamic efficiency of the storm’s Carnot heat
engine by decreasing the amount of work that can be performed by the TC, limiting
intensification and potentially leading to weakening. The internal pathway of ventilation cools
the air near the surface through convective downdrafts that occur in response to evaporation
induced by sub-saturated air at low radii, reducing low-level entropy during the first step of the
Carnot cycle. Ventilation of the eyewall by external pathways, such as vortex tilt by vertical
5

wind shear or the TC primary (horizontal) circulation wrapping in dry air, would decrease
entropy in the mid-levels corresponding with the second step of the Carnot cycle. Decreasing
entropy at this stage ultimately increases the temperature of the radial outflow by lowering the
level at which outflow occurs, reducing the temperature difference between the outflow layer and
the surface. A smaller temperature difference results in less buoyancy (increased static stability)
and thus eventually reduces convection (Tang and Emanuel 2010). In both types of ventilation,
smaller differences in temperature between the surface and the outflow layer reduce the
efficiency of the Carnot cycle and thus decrease the TC’s potential intensity (the upper
thermodynamic limit for TC intensity; Emanuel 1997).
The thermodynamic efficiency of the Carnot heat engine model is limited by the ability
of energy flux from the sea surface to restore heat and moisture to air parcels (Powell 1990). In
cases where the SST is not high enough to provide sufficient energy fluxes, work is lost to
ventilation. This lost work would inhibit the TC’s ability to combat frictional dissipitation, and
weakening will likely result. In a study of Hurricane Edouard, Zawislak et al. (2016) noted the
main differences between the TC’s intensification and weakening stages were lower SST and
reduced θe (equivalent potential temperature, a quantity proportional to entropy) in the TC
boundary layer.
The ocean characteristics that affect energy fluxes between the surface and the
atmosphere are the initial SSTs as well as the temperature of subsurface water that mixes upward
due to TC-induced upwelling. A proxy for the amount of oceanic energy available is ocean heat
content; for TCs, this quantity tends to be computed by estimating the heat content of the ocean
from the surface to the 26°C isotherm, as TCs generally need SSTs of at least 26°C to form and
persist (e.g., Merrill 1988). A TC can reduce SST along its track through cooling from
6

precipitation, wind-driven upwelling, and ocean mixing (Price 1981). These cooling processes
create a negative feedback loop between TC intensity and SST, a feedback less likely to occur in
weaker TCs (due to reduced wind-driven upwelling) or faster-moving TCs (due to the TC wind
field spending less time over a particular location to induce upwelling; Chang and Anthes 1978).
As a result, intense and slow-moving TCs would require a deeper layer of warm water to
continue intensifying or maintain their intensity (Wu et al. 2016).
Due to the ability of both the environment and internal storm processes to affect TC
intensity change and the need to improve forecasting of such events for timely communication of
TC-related risks, much research on this subject has focused on individual cases that were
observed by reconnaissance aircraft. For example, Shelton and Molinari (2009) investigated the
intensification and immediate subsequent weakening of short-lived Hurricane Claudette (2003)
with particular emphasis on flight-level observations. They assessed ventilation, in this case dry
air infiltrating the TC core, via dewpoint depression computed from flight-level observations.
Since intensifying TCs tend to have higher θe located in the eyewall, with slightly lower θe just
inside the eye (Kossin and Eastin 2001), they also assessed the temporal evolution of θe,
particularly in the eye. They quantified the strength of and changes in Claudette’s warm core in
response to the dry air by comparing flight-level temperature observations between the TC’s
inner core and the region immediately outside the core.
Hurricane Claudette had undergone a period of rapid intensification prior to reaching its
peak intensity. Shelton and Molinari (2009) concluded that the (vertically) deeper nature of
Claudette’s vortex enabled more consequential ventilation via wind shear. Evidence of dry air
entrainment was also observed in the flight-level observations: the θe field transitioned from dual
maxima in the eyewall to a single maximum at the center of the TC during weakening, an
7

observation consistent with extensive mixing with drier air in the eyewall (Kossin and Eastin
2001).
The computation of storm-relative radial winds from aircraft observations enables the
assessment of radial inflow and outflow, where inflow represents winds moving toward the TC
center and outflow represents winds moving away from the TC center. Both the height and
magnitude at which these winds occur can influence mass advection into or out of the TC and
thus its angular momentum balance (Merril 1988; Merrill and Velden 1996). For example,
reduced outflow at upper levels would advect less mass away from the TC inner core and thus
reduce the secondary (vertical) circulation which could ultimately decrease TC wind speed. The
thermodynamic properties of the air being advected by these winds can also influence the rate at
which varying θe penetrates the TC’s core and thus the efficiency of the Carnot cycle.
In the case of possible ventilation, relatively low θe air would likely coexist in a region of
significant radial inflow, implying advection of that air towards the center (Shelton and Molinari
2009). Reconnaissance aircraft missions observed ventilation in Hurricane Claudette (2003) in an
environment of vertical wind shear greater than 10 m s−1. At 700 hPa (flight-level), stormrelative radial wind calculations suggested strong inflow (>15 m s−1) of low-entropy air in the
northwest quadrant accompanied by strong outflow in the southeast quadrant (Shelton and
Molinari 2009). Coinciding with the reconnaissance-observed ventilation, Claudette’s convection
decayed on infrared satellite imagery, resulting in reduced flight-level temperatures in the eye
(indicating a weakening warm core) and an intensity decrease of about 20 kt (10 m s−1).
Tropical Storm Edouard (2002) weakened by 20 kt in 24 hours off the eastern coast of
Florida under the influence of both vertical wind shear and upper-level dry air (Molinari et al.
2013). They investigated dropsonde profiles within the TC to identify potential regions of strong
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convective downdrafts through metrics such as downdraft Convective Available Potential
Energy (DCAPE) and the microburst index (computed by subtracting surface θe from the
maximum θe in the column; Atkins and Watkimoto 1991). Since aircraft missions are incapable
of observing the entire storm at once, dropsonde soundings provided evidence to support the
potential for convective downdrafts that may have lowered θe and subsequently modified the
boundary layer. Molinari et al. (2013) corroborated these metrics from individual soundings by
comparing the θe of two nearby dropsondes: when the dropsonde closer to the TC center
measured a much lower surface θe (~12 K) than the dropsonde launched about 25 km farther
away from the center, downdrafts were inferred to be more likely.
Such case studies highlight common approaches to the assessment of TC behavior using
aircraft reconnaissance, but not all case studies focus solely on aircraft observations. For
example, Zawislak et. al. (2016) combined dropsonde and satellite data to assess the structural
and precipitation changes during the lifecycle of a different Edouard, an Atlantic hurricane that
occurred in 2014 and weakened by 25 kt (12.9 m s-1) in 24 hours. Since TC structural changes
can affect subsequent intensity change, precipitation distribution and convective symmetry were
evaluated using observations from spaceborne passive microwave sensors, including data from
the NASA Global Precipitation Measurement (GPM) mission (Hou et al. 2014). In Edouard, the
most pronounced asymmetries occurred during the two-day weakening period. Maximum
sustained winds decreased approximately 15 kt (7.7 m s-1) day-1 concurrent with substantial
drying (up to 60% decrease in relative humidity) occurring in all quadrants except downshear
left, a common region for concentrated convection in shear-influenced TCs (e.g., Reasor et al.
2013).
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Many studies of individual TCs relied primarily on a particular source of data (flightlevel observations, dropsondes, satellite imagery) to assess that TC’s intensity change. To build
from this existing body of knowledge and follow approaches such as Zawislak et al. (2016),
these datasets can be explored simultaneously to further explore the processes that occur during
weakening. This study evaluates datasets from multiple observing platforms to create a timeline
of the thermodynamic and structural processes that lead to the weakening of two mature TCs.
Observations from the plane, both in situ at flight-level and via remotely-sensed observations at
the surface using the SFMR (Stepped Frequency Microwave Radiometer), provide frequent
observations along the flight path well below the cloud tops readily observed by geostationary
satellites.
Although subject to change (e.g., search-and-rescue missions during Hurricane Lorenzo
in 2019), National Oceanic and Atmospheric Administration (NOAA) WP-3D and Air Force
WC-130 reconnaissance flights typically fly at or below 700 hPa and visit all four cartographic
TC quadrants (northeast, northwest, southwest, southeast) while repeatedly penetrating the
eyewall. Ideally, this “alpha” pattern is flown multiple times over the course of a few hours,
enabling repeated observations of each quadrant per flight mission. However, such a flight path
does provide limited spatial and temporal coverage because the aircraft can only collect data
along said flight path. In contrast, Gulfstream-IV (G-IV) flights occur at much higher altitudes
and follow different patterns such as a single star-shaped pattern around the TC. Because of their
high altitude, G-IV flights cannot use the SFMR to provide surface wind estimates along the
flight path. Such an approach leaves the fairly deep layer of atmosphere from flight-level down
to the surface essentially unobserved by aircraft instrumentation.
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Dropsondes are used to fill this data gap by taking measurements between flight-level
and the surface. Dropsondes provide insight to this critical region, which includes the TC
boundary layer, that is otherwise not observed by other instrumentation. Such profiles reveal
changes in thermodynamic properties useful for identifying regions of relatively moist or dry air
within these lower levels. The dropsonde data also include wind observations that can be used to
calculate radial and tangential winds throughout the profile. Although dropsondes are limited and
have large horizontal spatial gaps, identifying thermodynamic and kinematic patterns in these
profiles (such as changes in θe or radial winds) can indicate processes with potential impacts on
the TC’s short-term intensity evolution such as ventilation.
Another aircraft instrument that can provide insight into TC structure and evolution is
aircraft-mounted radar. However, radar data for Hurricane Lorenzo are not publicly available on
the Hurricane Research Division (HRD) archive, nor are they available from WC-130 flights
such as those for Hurricane Florence, thus radar observations are excluded from this analysis.
Instead, this study focuses on satellite imagery and satellite-derived products to provide spatial
context for dropsonde and other aircraft-based measurements as well as assess convective
symmetry and evolution. In addition, most of these products are readily available to forecasters
in real time, thus the approaches used in this study could be applicable to operational analysis.
Full-disk Geostationary Operational Environmental Satellite (GOES) Advanced Baseline
Imager (ABI) imagery is available every 15 minutes for Hurricane Florence and every 10
minutes for Hurricane Lorenzo, thus providing far more frequent TC surveillance compared with
satellite-borne instruments in low-earth orbit which often have large gaps in space and time. The
ABI clean longwave infrared band (Band 13) enables monitoring of convection and cloud
features by estimating cloud-top temperature which is used as a proxy for convective strength.
11

Because water vapor molecules readily absorb radiation at particular wavelengths, inferred
temperature from the ABI water vapor bands (Bands 8-10) provides information on the
“effective layer” from which the detected radiation is being emitted: the effective layer tends to
be higher in the atmosphere for moist/cool air and lower in the atmosphere for dry/warm air. As
a result, regions of increasing temperatures over time may indicate sinking (and thus drying) air
and regions of decreasing temperatures over time may indicate rising air. Such features could be
used to identify broad regions of vertical motion near a TC in the mid- to upper-levels. The
generally moist nature of the tropical atmosphere precludes these bands from providing
information about the lower troposphere, including the boundary layer. However, ventilation
often occurs at the mid-levels (500-600 hPa; Tang and Emanuel 2012) and thus can be inferred
via indicators of drying air provided by water vapor bands.
On infrared satellite imagery (e.g., ABI Band 13), oscillations of cooling and warming
cloud tops over time can reveal the pulsing convective signals of the TC diurnal cycle (Gray and
Jacobson 1977). The pulses initiate within the storm’s inner core around sunset and move
radially outward from the storm overnight and into the following day. By afternoon, that pulse of
convection can reach several hundred kilometers away from the center. This leaves a warming
cloud top signature behind (radially inward from) the propagating pulse. Dunion et al. (2014)
found evidence of this convective propagation on microwave imagery, suggesting that the TC
diurnal cycle influences TC structure and thus could affect intensity. The timing of the diurnal
cycle in conjunction with changing environmental conditions may affect a TC’s likelihood of
undergoing rapid intensity changes, including rapid weakening. For example, unfavorable
environmental conditions or structural changes that occur in phase with reduced convection
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within the TC inner core due to the diurnal cycle may amplify the weakening related to those
changes.
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CHAPTER III
DATA AND METHODS
To assess TC structural evolution and internal processes during TCweakening, this study
analyzes in situ and remotely-sensed observations provided by aircraft and satellite platforms
(Table 1). Two North Atlantic TCs are selected that were observed by aircraft as they weakened
from their mature TC stage during the Advanced Baseline Imager (ABI; Schmit et al. 2017) era:
Hurricanes Lorenzo (2019) and Florence (2018).
In this study, we rely on observations from instrumentation aboard NOAA WP-3D
(hereafter “P-3”) and G-IV aircraft as well as Air Force WC-130 Hurricane Hunter aircraft.
Aircraft data were retrieved from the National Hurricane Center (NHC) archive
(https://www.nhc.noaa.gov/archive/recon/), the HRD archive
(https://www.aoml.noaa.gov/hrd/data_sub/hurr.html), and NOAA’s public data server
(https://seb.noaa.gov/pub/acdata/). These data include fields such as 10-m wind speed and rain
rates estimated by the SFMR, low-level vertical profiles from dropsondes, and flight-level
observations of temperature, dewpoint, and wind speed and direction.
The SFMR, a passive microwave sensor mounted on the wing of P-3 and WC-130
reconnaissance aircraft, uses six C-band channels with frequencies between 4.6 and 7.2 GHz to
measure microwave radiation naturally emitted by wind-induced sea foam (Uhlhorn and Black
2003). The radiance values detected by the SFMR’s downward-pointing antenna are used to
calculate brightness temperature to then estimate surface (10-m) wind speeds and rain rates along
14

the flight path. Although SFMR estimates are highly valuable, limitations include decreased
accuracy within regions of high rain rates, as larger raindrops tend to be good absorbers of Cband radiation and thus can produce falsely low brightness temperature readings (Klotz and
Uhlhorn 2014). In addition, SFMR wind speeds may have a high bias in regions of very strong
winds (e.g., Stewart 2021).
Dropsondes released from reconnaissance aircraft provide vertical profiles of wind,
pressure, temperature, and dewpoint temperature from flight-level down to the ocean surface.
The dropsonde data explored in this study have been quality-controlled through post-processing
by the Atmospheric Sounding Processing ENvironment (ASPEN,
https://www.eol.ucar.edu/software/aspen) software. Additional thermodynamic variables can be
computed from these fields, including θe (Shelton and Molinari 2009). In this study, we use
MetPy (May et al. 2020) to compute θe using the equation from Bolton (1980),
3036
𝜃𝑒 = 𝜃𝐷𝐿 𝑒𝑥𝑝 [(
− 1.78) × 𝑟(1 + 0.448𝑟)]
𝑇𝐿
where θDL is the potential temperature of dry air at the lifting condensation level (LCL), TL is the
temperature at the LCL, and r is the mixing ratio. This formulation for θe is identical to that used
in previous TC research, including Shelton and Molinari (2009).
Flight-level observations are packaged as High Definition Observations (HDOBs), which
provide 30-second average values which are made available every 10 minutes in real time. These
observations include flight-level air temperature, dewpoint temperature, and wind speed
magnitude and direction. Much like dropsonde observations, these data can be used to derive
other thermodynamic and kinematic fields such as θe and radial and tangential wind.
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Since aircraft observation coverage is inherently limited, microwave observations from
low-earth-orbiting satellites can provide additional insight into TC structure below cloud tops
when available. One such platform is the core GPM mission (Hou et al. 2014), which follows
from the Tropical Rainfall Measuring Mission (TRMM), another low-earth orbiting satellite that
carried the first spaceborne radar (Kummerow et al. 1998). The passive GPM Microwave Imager
(GMI) has 13 channels from 10 to 183 GHz to better capture light precipitation and falling snow
compared with its predecessor TRMM instrument. Most of these wavelengths are much larger
than the tiny ice crystals that comprise cirrus clouds in TC outflow, effectively rendering them
transparent to this range of electromagnetic radiation. Since signals emitted below the cirrus
clouds can thus reach space, we can infer structure that would otherwise be hidden in visible or
IR imagery provided by geostationary satellites. Such imagery has been used to study TC
structural variability such as eyewall replacement cycles (ERCs; Sitkowski et al. 2011).
In over-ocean convective clouds, 36-37 and 85-91 GHz channels detect radiation related
to liquid water (Weng and Grody 1994) and large ice particles (Hawkins and Helveston 2004),
respectively. The amount of cloud liquid water is directly related to the emission of 36-37 GHz
energy: more liquid water produces a higher brightness temperature (warm signal), and this
signal is most strongly related to lower-level TC convective structure. At higher altitudes, more
ice crystals increase scattering of 85-91 GHz radiation, reducing the radiation that reaches the
satellite sensor and producing a lower brightness temperature (cold signal); low values indicate
higher ice concentrations and thus more intense updrafts. As a result, strong convection can be
identified through low brightness temperatures at the higher frequencies (85-91 GHz), and TC
vortex tilt can be assessed by evaluating the positioning of that higher-altitude convective signal
relative to low-level structural features (regions of high brightness temperatures at 36-37 GHz).
16

The Cooperative Institute for Meteorological Satellite Studies (CIMSS) MIMIC
(Morphed Integrated Microwave Imagery at CIMSS)-TC product is a blend of passive
microwave observations near 89 GHz from five different polar-orbiting satellites (Wimmers and
Velden 2007). The MIMIC-TC algorithm merges the observed swaths with an advection scheme
to account for irregular temporal and spatial coverage to produce data every 15 minutes. Because
the amount of signal that reaches the satellite depends on the amount of ice present within a
convective cloud as noted earlier, estimates from this product can be used as a proxy for
precipitation distribution within a TC. These data incorporate a simple parallax correction to
handle the incorrect geographic placement of values due to the angle at which the satellite views
the feature by assuming all observations occur at 10-km altitude, which can overcorrect for lowlying features but minimizes positioning errors for the TC eyewall (Wimmers and Velden 2007).
The MIMIC-Total Precipitable Water (TPW) product follows a similar approach to
MIMIC-TC but is constructed from TPW retrievals via microwave observations (Wimmers and
Velden 2011). These TPW fields are available hourly and originally did not produce values over
land, though the second version now includes overland estimates
(http://tropic.ssec.wisc.edu/real-time/mtpw2/about.html). Both MIMIC-TC and MIMIC-TPW are
available to forecasters in near real time; archived MIMIC-TPW fields cover the period October
2016 to present, and MIMIC-TC data files became publicly available in 2019.
The Multi-platform Tropical Cyclone Surface Wind Analysis (MTCSWA) is a real-time,
automated system developed by the Cooperative Institute for Research in the Atmosphere
(CIRA). When reconnaissance flights occur, the system provides higher-resolution wind fields in
two dimensions by combining MTCSWA with available SFMR and flight-level observations.
The resulting maps display 1-minute sustained winds for the region where aircraft
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reconnaissance is typically available (0-200 km). These products can be used by both operational
forecasters and scientists aboard reconnaissance aircraft as a first guess for RMW and other wind
radii such as 34-kt (17.4 m s-1) and 50-kt (25.7 m s-1) winds.
To track the TC diurnal cycle, trends in convection are quantified by adapting infrared
brightness temperature differencing techniques developed by Dunion et al. (2014). The six-hour
difference in average cloud-top temperature is calculated at multiple radii using all ABI Band 13
pixels within 10 km of each radius to compute the average (e.g., 90-110 km for the 100-km
radius). Since the source data do not account for satellite viewing angle, cloud-top temperatures
are first corrected for parallax error using the ABI cloud-top height product prior to computing
azimuthal averages. The best-track TC center is used as the reference point for these calculations,
and the 6-hourly best-track positions are linearly interpolated to the temporal resolution of the
satellite imagery. A positive difference value indicates the cloud-top temperatures increased at
that radius over that 6-h period, suggesting warming cloud tops and thus weakening convection.
A negative value indicates the cloud-top temperatures decreased, suggesting an increase in
convection. Such values can be computed in real time using the operational best-track, but in this
study we use the TC positions from HURDAT2 since HURDAT2 best represents TC location
due to post-season analysis.
Environmental parameters estimated via the Statistical Hurricane Intensity Prediction
Scheme (SHIPS; DeMaria et al. 2005) are also available in real time and regularly referenced in
operational forecasting. Fields such as relative humidity and vertical wind shear are computed
from Global Forecast System (GFS) fields, generally as average values over a region centered on
the TC. For vertical wind shear, computed as the difference between 200- and 850-hPa vector
winds, the TC vortex is first removed from the wind field prior to averaging the magnitude and
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direction of shear within 500 km of the TC center. Shear values are used in this study to assess
TC structure and structural changes within a shear-relative framework since the distribution of
convection in a TC is strongly modulated by shear direction (e.g., Corbosiero and Molinari 2002)
and enhanced convection on the upshear side of a TC can help the vortex resist the tilt otherwise
induced by that shear (e.g., Stevenson et al. 2014).
Given the source of energy for TC convection is latent heat from the sea surface, we
examine SST using daily, 0.25° fields from NOAA (https://www.ncdc.noaa.gov/oisst). However,
SST does not represent subsurface water temperature. Ocean profiles are available in near real
time from Argo floats (https://argo.ucsd.edu/) and can be an additional source of information if a
float measured a profile close to a TC. These floats take measurements from a depth of 2000 m
to the surface approximately every 10 days as they drift through the ocean with an expected
lifetime of 4-5 years. Through the Python package “argopy”
(https://github.com/euroargodev/argopy), a user can request data from all profiles that occurred
over some time range and some region. Argo float observations become available in the database
usually within 24 hours of the observation being made, providing glimpses of ocean
characteristics below the surface along a TC track and the potential impacts of upwelling on SST
and thus energy available to the TC in near real time.
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Table 3.1

Analyzed fields and their sources

This table lists the field names, sources for those fields, and whether they were readily available
or derived from existing data.
Field
TC location and intensity
Air temperature
Dewpoint temperature
Dewpoint depression
Equivalent potential temperature (θe)
Wind speed
Wind direction
Radial and tangential winds
Atmospheric pressure
Aircraft altitude and location
Cloud-top temperature
Water vapor brightness temperature
89-GHz brightness temperature
37-GHz brightness temperature
Total precipitable water
Vertical wind shear magnitude
Vertical wind shear direction
Sea Surface Temperature

Source
HURDAT2
HDOBs, dropsondes
HDOBs, dropsondes
HDOBs, dropsondes
HDOBs, dropsondes
HDOBs, dropsondes, SFMR
HDOBs, dropsondes
HDOBs
HDOBs, dropsondes
HDOBs
ABI Band 13
ABI Band 8, 10
MIMIC-TC, GPM and other satellites
GPM and other satellites
MIMIC-TPW
SHIPS
SHIPS
ARGO
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Derived

Yes
Yes

Yes

CHAPTER IV
OVERVIEW OF SELECTED TROPICAL CYCLONES
Hurricane Lorenzo
Hurricane Lorenzo first developed from an African easterly wave and then followed a
largely westward track as it slowly strengthened (Figure 4.1). Once wind shear abated, the TC
rapidly intensified 70 kt (36 m s-1) in 48 hours (Zelinsky 2019). An eyewall replacement cycle
contributed to some weakening before another intensification period led to its peak of 140 kt at
0300 UTC 29 September. It then rapidly weakened to a 90-kt hurricane within 24 hours. This
weakening was attributed to an increase of vertical wind shear associated with an upper-level
trough, an influx of drier mid-latitude air, and decreasing SSTs due to upwelling (Zelinsky
2019).
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Figure 4.1

Map of TC tracks

Map of NHC best tracks for Lorenzo (2019) and Florence (2018). Each dot and associated label
indicates the TC location at 00 UTC for the given day. Line colors indicate the TC category (TD:
tropical depression, TS: tropical storm, HU: hurricane, MH: major hurricane, EX: extratropical).
Black boxes indicate the section of track corresponding with each storm’s 24-hour weakening
period examined in this study.

Lorenzo ranks among the strongest hurricanes on record in this portion of the North
Atlantic basin: its peak intensity of 140 kt set a new record for hurricanes east of 50°W since
1851 (Zelinsky 2019). The NOAA P-3 reconnaissance mission on 28 September followed an
atypical pattern because it was partly tasked for search and rescue due to the sinking of the
tugboat Bourbon Rhode. This and other search-and-rescue missions resulted in the rescue of
three crew members. Four other bodies were recovered; the remaining seven crew members were
presumed lost at sea (Zelinsky 2019).
Hurricane Florence
Hurricane Florence (2018) reached its first intensity peak as a 115-kt (59.1 m s-1) major
hurricane at 1800 UTC 5 September over the central Atlantic (Figure 4.1). The TC began a
period of RW under the influence of increasing southwesterly vertical wind shear due to a
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passing shortwave trough that was not observed by reconnaissance aircraft (Stewart and Berg
2019). Florence weakened to a tropical storm around 0000 UTC 7 September while it began to
slow down and turn westward. However, the inner-core wind field remained intact, supporting
restrengthening over the next 48 hours as vertical wind shear decreased.
A second RI period resulted in a 50-kt (25.7 m s-1) increase in the TC’s intensity and,
unlike the previous RI event, was well-forecasted. Florence continued to steadily strengthen after
this period, reaching peak intensity at 1800 UTC 11 September with estimated winds of 130 kt.
Ocean heat content began to quickly decrease along the track of Florence concurrent with its
post-peak weakening period, meaning the depth of warm water under the TC was becoming
increasingly shallow. This and the onset of a eyewall replacement cycle prompted the final round
of weakening (Stewart and Berg 2019), beginning at 1800 UTC 11 September. It made landfall
as a 80-kt hurricane near Wrightsville Beach, North Carolina on 14 September.
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CHAPTER V
STORM EVOLUTION ACCORDING TO OBSERVATIONS
Hurricane Lorenzo

Figure 5.1

Hurricane Lorenzo time series

Hurricane Lorenzo’s intensity (blue line) from 12 UTC 26 September until 12 UTC 02 Oct. Pink
shading indicates the rapid weakening period (03 UTC 29 September - 03 UTC 30 September).
Green dots indicate G-IV dropsonde times. Purple dots indicate P-3 dropsonde times.

The first reconnaissance mission for Lorenzo, a G-IV synoptic survey flight, began
around 1400 UTC 27 September to observe the storm’s environment (Figure 5.1). At this time,
Lorenzo was undergoing an ERC (Willoughby et al. 1982; Sitkowski et al. 2011) while moving
into a region of vertical wind shear of ~15 kt. The combination of this shear with intrusion of dry
air likely compounded the weakening from the ERC, resulting in an intensity decrease of 25 kt
(12.9 m s-1) in 24 hours (Zelinsky 2019). During this period, MIMIC-TC 89 GHz imagery
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reveals an asymmetric convective structure and a small, open eyewall in the upshear right
quadrant (Figure 5.2).

Figure 5.2

Lorenzo IR and MIMIC-TC imagery at 14 UTC

(a) GOES ABI Band 13 cloud-top temperatures [°C] and (b) MIMIC-TC 89-GHz microwave
brightness temperatures [K] at 1400 UTC 27 September. In both panels, gray dots represent GIV dropsonde locations plotted with the time of each launch. Dashed lines indicate radial rings
every 100 km relative to the interpolated best-track center. The displayed interpolated intensity
of 115 kt is rounded to the nearest 5 kt due to the 5-kt precision of HURDAT2 values.
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A dropsonde was released at 1424 UTC September 27 over 150 km from the center in
the upshear left quadrant in what appears to be the outer forming eyewall. The observations
(Figure 5.3c) reveal a fairly moist profile throughout, albeit in a region of less convection
(warmer cloud top temperatures) on Band 13 imagery. This signature on MIMIC-TC imagery
is likely the remains of the inner, eroding eyewall associated with the ERC (Figure 5.3a).
Another dropsonde released in the downshear right quadrant at 1659 UTC 27 September
(Figure 5.3d) observes a much drier profile, particularly between the 300-600 hPa levels. The
minimum relative humidity value was ~4% found at about 500 hPa. The average θe for the
profile was ~330 K.
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Figure 5.3

MIMIC-TC and dropsonde releases at 1430 UTC and 1700 UTC

MIMIC-TC imagery at (a) 1430 and (b) 1700 UTC on 27 September. Grey dots show the
location of dropsonde release. Skew-T diagrams showing temperature, dewpoint, and wind speed
and direction for the dropsondes released at (c) 1424 UTC and (d) 1659 UTC.

A second G-IV synoptic survey mission flew a similar flight pattern, coinciding with
Lorenzo’s second RI period that occurred about 24 hours later. Around 1800 UTC 28 September,
MIMIC-TC imagery indicates a larger, now closed eyewall with the strongest convection in the
downshear left quadrant. Convection in the upshear right quadrant remained weak, and this
convective pattern persists as a NOAA P-3 enters the storm around 1700 UTC. The P-3 released
dropsondes in rapid succession within and just outside the NE eyewall (downstream left). These
dropsondes reveal radial inflow greater than 60 kt at the surface and tangential winds of about
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130-140 kt around 900 hPa (e.g., Figure 5.4). In this region, the dropsonde observations show θe
near 360 K at the surface. No dropsondes were released upshear in the TC core on this day.
However, a dropsonde released by G-IV aircraft at 1719 UTC about 150 km upstream right
measured a fairly moist profile, with slight drying at 300 hPa (not shown).

Figure 5.4

Example P-3 dropsonde during rapid succession release

Left panel: MIMIC-TC imagery at 1830 UTC 29 September shows the location of multiple
dropsonde releases during the P-3 flight. Right panel: an example dropsonde release at 1828
UTC. From left to right, the brown lines show radial and tangential winds and the green lines
show relative humidity and θe.

During this flight, SFMR observations estimated surface wind speeds of about 110 kt
around 1900 UTC 28 September. Given that the warmest air and strong dewpoint depressions at
flight-level were confined between local SFMR surface wind speed maxima and thus likely
within the TC’s RMW, the aircraft data imply the existence of a robust warm core at this time
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(Figure 5.5). Dewpoint depressions ranged from about 6 to 10°C in the eye, similar to those of
Hurricane Claudette during its intensification period (Shelton and Molinari 2009).

Figure 5.5

P-3 temperature and dewpoint on 28 September

Time series of flight-level temperature (blue, °C), dewpoint (orange, °C), and dewpoint
depression (green, °C) for the portion of the NOAA P-3 flight on 28 September within 300 km of
the interpolated best-track center.

Despite intensifying, Lorenzo was in an environment of moderate vertical wind shear of
17-19 kt from 1100 to 2100 UTC 28 September. Leading up to this time, Lorenzo exhibited the
deepest convection on the east side of the eye, the downshear left quadrant relative to the SHIPS
shear direction. As Lorenzo approached peak intensity (140 kt at 0300 UTC 29September),
vertical wind shear decreased to ~15 kt from the ESE. One hour prior to peak intensity, a region
of dry air becomes apparent in the downshear left quadrant via CIMSS TPW (Figure 5.6c); that
dry air circulates around the TC center during the subsequent rapid weakening period from 0300
UTC 29 September to 0300 UTC 30 September. The eye opens on the upshear side of the TC,
where there was less persistent convection visible on MIMIC-TC imagery, around 0400 UTC 29
September (Figure 5.6b). This corresponds with the time and location of the dry air depicted by
CIMSS TPW fields.
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Figure 5.6

MIMIC-TC and MIMIC-TPW near Lorenzo’s peak intensity

MIMIC-TC imagery [K] on 29 September at (a) 0300 UTC and (b) 0400 UTC. CIMSS TPW
imagery [mm] on 29 September at (c) 0300 UTC and (d) 0400 UTC. The arrow indicates the
SHIPS shear direction and the arrow number indicates the shear magnitude [kt]. Green indicates
shear is generally favorable (≤ 15 kt).

Warming cloud tops on the west side of the TC imply weakening convection occurs until
about 0800 UTC 29 September in conjunction with the timing and location of the opening
eyewall and drier TPW values. This decrease in convection corresponds with the large and
anomalous positive brightness temperature difference that is occurring 100 km from the TC
center according to the diurnal cycle analysis (Figure 5.7). Unfortunately, during this early stage
of weakening, no reconnaissance aircraft were observing Lorenzo or its environment, thus this
portion of the analysis heavily relies upon satellite-based observations.
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Figure 5.7

Hurricane Lorenzo’s diurnal cycle

6-h difference in azimuthally-averaged IR brightness temperatures [°C] at 100, 200, 300, and 400
km relative to Lorenzo’s interpolated best-track center from 0300 UTC 28 September to 0300
UTC 30September. The black line indicates Lorenzo’s intensity [kt].

At around 0900 UTC 29September, Band 9 imagery shows evidence of a large area of
relatively warm and thus possibly drier air wrapping into the storm’s circulation from the north
(left of shear), into the upshear right quadrant (Figure 5.8). Concurrently, Band 13 shows
warming cloud tops in this quadrant. By 1300 UTC, MIMIC-TC imagery shows collapse of the
upshear right eyewall co-located with where much of the dry air is (Figure 5.9). This is likely a
direct result of the decreased buoyancy due to evaporation.
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Figure 5.8

Band 9 at 0900 UTC 29 September

ABI Band 9 (mid-level water vapor) imagery of Lorenzo at 0900 UTC on 29 September. Colors
indicate temperature from yellow (highest) to blue to white to green (lowest); see color scale in
Figure 5.10. Black circle marks 600 km from the TC center.

Figure 5.9

MIMIC-TC at 1300 UTC 29 September

MIMIC-TC imagery of Lorenzo at 1300 UTC on 29 September.
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This region of drier air, seen on both MIMIC-TC and ABI imagery (Figures 5.8, 5.9),
persists as Lorenzo was once again moving into an environment with increased vertical wind
shear associated with an upper-level trough (Zelinsky 2019). A high-altitude G-IV aircraft began
reconnaissance again around 1400 UTC 29 September, surveying the perimeter of Lorenzo,
about 300-400 km away from the center. Several dropsondes were released along the region and
provided in situ evidence of this dry air on the upshear side. The driest layer in these dropsonde
profiles ranges from 300-500 hPa, with relative humidity reaching as low as 3-11% in this layer
(Figure 5.10b).

Figure 5.10

Band 10 image from 1620 UTC and dropsonde from 1624 UTC

ABI Band 10 (low-level water vapor) imagery of Lorenzo at 1620 UTC on 29 September. The
white dot represents the location of the dropsonde shown on the right released at 1624 UTC.

By around 1800 UTC, two P-3 aircraft were flying at low levels within Lorenzo's eye and
inner core, including sampling downshear left in an area of fairly consistent convection
according to infrared imagery. At this time there is also a region of lower (~50 kt) winds
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embedded within stronger winds of ~64 kt left of shear on the Aircraft-based Tropical Cyclone
Surface Wind Analysis plots. This moat region corresponds with increasing temperatures on both
water vapor and infrared (Band 13) imagery.
Several dropsondes were released in this region characterized by decreasing convection
and confirm what is seen on satellite imagery. For example, the 1759 UTC dropsonde (Figure
5.11) shows relative humidity values less than 80% at about 750 hPa. The 1840 UTC dropsonde,
released left of shear near the northern edge of this region, produces a profile mean θe of 349 K.
Inflow just under 40 kt (20.6 m s-1) was measured just above the surface, transitioning to outflow
at ~900 hPa. A dropsonde released at 1948 UTC, just south of the 1759 UTC dropsonde,
measured low relative humidity values around 85% at about 900 hPa and an average θe of 346
K. These dropsonde soundings further suggest that low θe air was being advected into the core.
The introduction of this θe air would limit diabatic heating within the TC. In turn, less latent heat
release from condensation reduces vertical velocity and subsequently radial inflow (the surface
branch of the TC secondary circulation and Carnot cycle). In addition, slower vertical velocities
reduce the TC’s ability to evacuate mass from the core, limiting and lowering the level of
outflow (the upper branch of the TC secondary circulation and Carnot cycle).
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Figure 5.11

MIMIC-TC and Band 13 around 1800 UTC 29 September

Left panel: MIMIC-TC image at 1800 UTC on 29 September. Right panel: ABI Band 13 cloudtop temperature at 1750 UTC on 29 September. In both images, the white dot shows the location
of the dropsonde released at 1759 UTC.

A dropsonde at 1919 UTC 29 September was released in the downshear right quadrant
about 100 km from the center. The sounding reveals relatively low θe values of about 348 K with
inflow winds reaching up to 50 kt. The last dropsonde released in Lorenzo occurred at 1956 UTC
just under 200 km west from the center. This dropsonde observed relative humidity values
around 60% below 900 hPa. A dropsonde released nearly a day earlier (28 September) had
higher θe values throughout the profile at nearly the same shear-relative location, and surface θe
decreased by about 8 K. The inflow of low θe near the surface and decrease of θe between flights
likely negatively affected the isothermal inflow leg of the TC’s Carnot heat engine cycle. This
suggests that surface fluxes may not have been sufficient to recover heat and moisture near the
surface and enabled weakening to occur. The dry air observed by these dropsondes may have
contributed to the reduced convection shown via increasing average brightness temperature at the
200-km radius between 1200 and 1900 UTC (Figure 5.7).
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Figure 5.12

Lorenzo dropsondes

Left panel: MIMIC-TC image at 1800 UTC on 29 September. Right panel: ABI Band 13 cloudtop temperature at 1750 UTC on 29 September. In both images, the white dot shows the location
of the dropsonde released at 1759 UTC.

Flight-level observations imply the warm core weakened between flights (Figure 5.12).
Both P-3 aircraft measured a dewpoint depression of about 7°C within 70 km of the eye at
around 1800 UTC 29 September. These observations correspond with a region of about 10-30 kt
of radial inflow in the southwest (upshear right) quadrant, suggesting that the drier air was being
advected into the core. In the northeast (downshear left) quadrant, dropsondes and flight-level
winds indicate outflow of about 40 kt which would draw air parcels away from the core and thus
prevent them from ascending within the eyewall’s convection. The magnitudes of both inflow
and outflow during this flight were greater than those observed during intensification the day
before (28 September). Dewpoint depressions continue to decrease to about 4-5°C with the
following passes through the eye, indicating ongoing weakening of the warm core. Wind speeds
estimated from the SFMR reflect this weakening, falling below 80 kt during the aircraft’s final
pass through the center. Dropsondes did not measure tangential winds greater than ~120 kt
during this flight. The day prior, tangential winds exceeded 150 kt (not shown).
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Figure 5.13

29 September Lorenzo flight-level observations

Observations from two NOAA P-3 flights on 29 September for Hurricane Lorenzo. Flight-level
temperature (blue), dewpoint (orange), and dewpoint depression (green) while each flight was
within 300 km of the interpolated best-track center during (a) 1735-2017 UTC 29 September and
(b) 1752-2029 UTC 29 September. SFMR wind (blue) and distance from center (orange) with
vertical dashed lines to indicate dropsonde times for the same two flights during (c) 1735-2017
UTC 29 September and (d) 1752-2029 UTC 29 September.
By the conclusion of Lorenzo’s rapid weakening at 0300 UTC on 30 September, the TC
exhibited a highly banded structure with dry air wrapping all the way into the southeast quadrant.
SST after passage had decreased to <26C. As previously stated, the amount of upwelling
occurring under a TC is highly dependent on the speed of the winds mixing the sea surface. With
relatively lower surface wind speeds, upwelling likely became less of an inhibiting factor to
Lorenzo’s intensity at this time. Lorenzo maintained its intensity with maximum sustained winds
of 90 kt.
Prior to peak intensity, Lorenzo showed a maximum TPW value downshear right in the
50-150 km region, implying the most moisture was located in this quadrant near the TC core
(Figure 5.13). However, as weakening began, an immediate local minimum occurred in this
quadrant. That minimum then rotated around the center (from downshear left to upshear left to
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upshear right), implying that drier air was being advected around the circulation and further
indicating that drier air influenced Lorenzo’s weakening. Overall, average TPW values slowly
decreased throughout the weakening period.

Figure 5.14

Lorenzo TPW time series

Average CIMSS TPW for Lorenzo computed over 100-km annuli in shear-relative quadrants
centered at (a) 100 km, (b) 300 km, and (c) 500 km. Average CIMSS TPW for Florence
computed over 100-km annuli in shear-relative quadrants centered at (d) 100 km, (e) 300 km,
and (f) 500 km. The SHIPS shear direction was used to identify shear-relative quadrants.

This evidence of dry air advection into the TC core supports the idea that environmental
ventilation negatively affected Lorenzo. Both flight-level and dropsonde observations indicate
dry air intruding toward the TC center 1800 UTC 29 September. This corresponds with the time
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of the SHIPS estimated vertical wind shear maximum of 19 kt that likely led to TC vortex tilt
and further decay of the warm core as seen by the flight-level observations.
Dewpoint depression values and SFMR estimated surface wind speeds also depicted a
large decrease between P-3 flights (Figures 5.5 and 5.12). This evidence of warm core decay is
likely a result of a combination of factors, including the vertical wind shear and the dry air
observed near the TC core. Dry air intrusion can cause evaporative cooling, directly decreasing
both parcel temperature and dewpoint depression. Low-level outflow is also detrimental as it
disrupts the TC’s secondary circulation and prevents low-level parcels from reaching the center
of the TC or prevents those parcels from ascending within the eyewall. Both low-level outflow
and the tilting of the TC vortex due to wind shear spread the contributions of latent heat over a
greater spatial area, weakening the warm core.

Figure 5.15

Lorenzo flight-level observations 29 September

Top: The time series shows radial wind (orange) and tangential wind (blue) for 1755 UTC to
1825 UTC on 29 September. Values are in kt, where 1 kt = 0.51444 m s-1. The bottom time
series is the same as 5.5a but zoomed in for 1755 UTC to 1825 UTC on 29 September.
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The aforementioned factors weaken the warm core, reduce convection, and therefore
increase the pressure at the surface. That increasing surface pressure weakens the horizontal
pressure gradient and thus decreases the TC’s winds. This process was represented in
reconnaissance data on 29 September as a decrease in tangential winds in both flight-level and
dropsonde observations. Because inertial stability decreases with decreasing tangential wind, the
TC would become less resistant to external changes such as vertical wind shear and dry air
intrusion, which would further weaken the TC. This sequence creates a negative feedback loop
that can continue to decay the warm core and weaken the TC (Rogers et al. 2013).
According to this multi-platform analysis of Hurricane Lorenzo’s rapid weakening phase,
the TC weakened for the following reasons:
•

Environmental dry air entered the TC circulation (seen in MIMIC-TPW imagery)
and was advected inward to the TC inner-core by low-level radial inflow
(revealed by flight-level and dropsonde dewpoint depression, θe, and radial
winds).

•

This dry air intrusion was compounded by persistent moderate vertical wind shear
of at least 15 kt, tilting the vortex and broadening the TC warm core. The rapid
decay of Lorenzo’s warm core was observed by repeated aircraft eye penetrations.

•

Concurrent with the warm core’s decay, surface wind speeds as estimated by the
SFMR dramatically decreased from 28 September (prior to peak intensity) to 29
September. Tangential winds computed from flight-level and dropsonde
observations also decreased.

•

A marked decrease in SST, in part due to upwelling of cooler water, likely
reduced surface energy fluxes concurrent with the negative impacts from dry air
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and shear. These reduced fluxes were insufficient to sustain Lorenzo’s peak
(Category 5) intensity.

Hurricane Florence
Due to Florence’s approach toward the U.S. Atlantic coastline during the weakening
period chosen for study here (1800 UTC 11 September – 1800 UTC 12 September), multiple
flights were tasked to support forecasting operations. In contrast with Lorenzo, all four tasked
NOAA aircraft were high-altitude G-IV aircraft performing synoptic surveillance. Four US Air
Force WC-130 aircraft conducted reconnaissance flights at lower levels. This analysis does not
include direct exploration of MIMIC-TC fields because the MIMIC-TC data files for Florence
are not available from CIMSS. Instead, individual microwave overpasses from low-earthorbiting satellites are evaluated.

Figure 5.16

Florence intensity and dropsondes

Hurricane Florence’s intensity (blue line) from 00 UTC 09 September until 00 UTC 15
September. Pink shading indicates the weakening period (18 UTC 11 September - 18 UTC 12
September). Green dots indicate G-IV dropsonde times. Purple dots indicate P-3 and WC-130
dropsonde times.
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A GPM GMI microwave overpass around 0440 UTC 11 September captured a snapshot
of most of Florence’s circulation prior to the onset of this weakening. The swath reveals deep
convection surrounding the center as evidenced by low brightness temperatures from the 89-GHz
channel, with evidence of a decaying smaller eye likely associated with the eyewall replacement
cycle that occurred after Florence’s second RI event. The TC began to weaken after reaching its
peak intensity of 130 kt around 1800 UTC 11 September. Concurrent with G-IV aircraft
investigating the environment of Florence, infrared satellite imagery shows a region of warming
cloud tops on the south side of the inner core. At this time, hourly TPW reveals a region of
slightly drier air about 200 km from the center. This relatively drier air is advected inward by the
TC’s primary circulation throughout the weakening period. A dropsonde released at 0856 UTC
reveals a fairly moist profile until reaching a dry layer around 300 hPa, with the dewpoint
depression exceeding 30C. Though this air is quite dry, it lies above the layer typically
associated with environmental ventilation (500-600 hPa; Tang and Emanuel 2012).

Figure 5.17

Florence microwave passes

GPM GMI overpass at 0442 UTC 11 September, before the weakening. GPM GMI overpass at
1802 UTC 11 September, before the weakening. GPM GMI overpass at 1845 UTC 12
September, after the weakening.
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A later GPM GMI 89-GHz snapshot around 1800 UTC 11 September reveals eroding
convection in the northern eyewall via warming brightness temperatures. High-altitude G-IV
aircraft flew a similar pattern as the aircraft the day before, releasing dropsondes around the TC’s
general circulation, about 200-400 km from the center. The G-IV dropsondes saw little
difference between flights: a dropsonde released at 2133 UTC 11 September revealed similarly
dry upper levels as the prior flight. By 0900 UTC on 12 September, 6-h brightness temperature
differences indicate cloud tops around 100 km from the TC center have warmed, subsequently
followed by similar warming around 200 km from the TC center. A microwave overpass just
after the conclusion of the 24-h weakening period, around 1845 UTC 12 September, indicates
that the eye had opened in the southeastern quadrant.

Figure 5.18

Hurricane Florence’s diurnal cycle

6-h difference in azimuthally-averaged IR brightness temperatures [°C] at 100, 200, 300, and 400
km relative to Florence’s interpolated best-track center from 1800 UTC 10 September to 1800
UTC 12 September. The black line indicates Florence’s intensity [kt].
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SFMR-estimated surface wind speeds changed little over the duration of the weakening
phase compared to Lorenzo. Upon the first penetration of the eyewall around 0100 UTC 12
September, SFMR estimated maximum surface wind speeds in the eyewall were slightly greater
than 105 kt. The following WC-130 penetration, around 1130 UTC, found estimated maximum
surface wind speeds similar to those of the flight before, at just over 105 kt. This is despite the
slight weakening reflected in the best-track intensity. The other side of the eye, however, had
surface wind speed estimates of about 70 kt. The weakening trend became more apparent in
following passes as the aircraft struggled to find surface winds exceeding 100 kt.

Figure 5.19

Florence SFMR on 12 September

The time series chart shows SFMR wind (blue, in kt, where 1 kt = 0.51444 m s-1) and distance
from the interpolated best-track center (orange, in km). Data are restricted to the time frame
during which the aircraft was within 300 km of the interpolated best-track center.

44

It is likely that decreasing energy available to the TC partly contributed to the observed
weakening as implied by the change in dropsonde observations from the flights on 11 September
and 12 September. For example, θe at the surface had decreased by about 7 K about 200 km to
the south of the TC center and by about 5 K to the west of the center.
At the time of weakening, SSTs were high (≥ 29.5°C), but the depth of the warm water
along the track was shallow, promoting upwelling. Argo ocean profiles show changes in the
temperature and depth of the isothermal (mixed) ocean layer after the passing of Florence
(Figure 5.20). The float corresponding with the orange color, for example, profiled a location
close to the center of the TC. This float, which was near a location where a different float
measured the highest near-surface temperature before TC passage, subsequently measured the
lowest near-surface temperature (<27°C). The float represented by the brown color shows similar
changes prior to and after Florence’s passage.

Figure 5.20

Florence Argo profiles

Argo float ocean profiles before, during, and after Florence. Inset maps show profile locations
and Florence’s track during 8-13 September 2018.
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According to this multi-platform analysis, the main factors that caused Florence’s slower
rate of weakening compared to Lorenzo include:
•

There was no evidence of direct ventilation via satellite and aircraft observations,
as the environmental dry air was largely confined to a layer (~300 hPa) above the
region where ventilation typically occurs (500-600 hPa). This likely supported a
slower decay of Florence’s maximum wind speeds in conjunction with relatively
light vertical wind shear.

•

According to TPW, Florence was in a slightly less moist environment compared
to Lorenzo, with average values ranging from 70 to 80 mm in the four shearrelative quadrants. However, TPW is a column-integrated quantity and does not
indicate where, vertically, the drier or moister air is located, showcasing the value
of the synoptic surveillance missions (G-IV dropsondes).

•

Ocean profiles from Argo floats indicate a shallow warm layer of water and
upwelling of cooler water for Florence, much like Lorenzo. However, the degree
of cooling was less extreme for Florence compared with Lorenzo, as SSTs
remained at or above 27C after Florence passed. The lower SSTs could not
sustain Florence’s peak intensity but remained above the threshold of 26C
commonly accepted as sufficient for deep tropical convection (Gray 1968).
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CHAPTER VI
COMPARISON OF THE WEAKENING OF LORENZO AND FLORENCE
Much like Florence, Lorenzo began to weaken immediately after a period of rapid
intensification (Stewart and Berg 2019; Zelinsky 2019). In the case of Lorenzo, the TC was in an
environment influenced by vertical wind shear associated with an upper-level trough (Zelinsky
2019). Lorenzo’s intensification would have deepened the TC vortex and thus increased the
depth at which external influences could interact with the TC. The persistent shear, in
conjunction with decreasing SST and dry air intrusion, likely exerted a greater influence on the
TC vortex. In contrast, Florence encountered vertical wind shear below 10 kt throughout its
intensification and most of the subsequent weakening examined here. The lower shear reduced
the likelihood of the upper-level dry air negatively influencing the TC core, which would explain
the reconnaissance data observing a robust warm core and high SFMR estimated wind speed
throughout Florence’s weakening period. In the absence of the negative feedback loop observed
for Lorenzo, Florence’s inner-core convection decayed more gradually.
At the time of Lorenzo’s peak intensity, there was dry air already visible to the north of
the eye and within the inner core. This dry air was seen on MIMIC-TPW advecting around the
TC, a feature concurrently observed by both flight-level instrumentation and dropsondes. In
contrast, evidence suggests that Florence remained in a more favorable moisture
environment. For example, average TPW values from the 100-km annulus showed an increase
as Florence peaked in intensity and subsequently weakened, values which ended up higher
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during Florence’s 24-h weakening phase compared with Lorenzo. However, Florence’s average
TPW farther from the center was generally lower, implying that the highest moisture was closest
to the TC core where it would more directly benefit eyewall convection. TPW values tend to be
similar across quadrants for Florence, implying a homogeneous moisture distribution (less
asymmetry) which may have also helped slow the weakening process.
The size of a storm can affect its inertial stability and ability to resist structural changes.
Inertial stability decreases with increased distance from the center and/or with weakening
tangential winds, thus a small TC is less stable and less resistant to external influences compared
to a TC with a larger wind field. According to CIRA’s aircraft-based surface wind analysis,
Lorenzo’s RMW is larger than Florence’s. The weakening rates, however, are not indicative of
this. Despite being larger in size, Lorenzo weakened much more rapidly than Florence, implying
that the combination of negative factors discussed earlier were more than sufficient to
compensate for Lorenzo’s initially higher inertial stability.
Florence’s diurnal cycle is much more apparent than Lorenzo’s in the infrared difference
time series, with all radii having regularly recurring peaks over the 48-h period shown (Figure
5.18). Florence began its weakening period at 1800 UTC 11 September, around local sundown;
since tropical convection tends to peak overnight, this timing may have partly compensated for
the factors that contributed to weakening (e.g., dry air), favoring gradual decay of deep
convection.
Notably, Lorenzo’s peak intensity occurred overnight (0300 UTC) when stronger
convection is more favored due to decreased static stability as outgoing longwave radiation
preferentially cools the upper troposphere. Its subsequent weakening partly coincided with the
portion of the TC diurnal cycle characterized by warming cloud top temperatures near the center;
48

this timing may have increased the vortex’s susceptibility to intensity change as the strongest
convection moved radially outward from the center (Dunion et al. 2014). This portion of the
diurnal cycle coincided with the drier air earlier noted via MIMIC-TPW imagery.
SSTs were generally warmer during Florence’s weakening period compared with
Lorenzo’s according to NOAA SST data, but both TCs exhibit a cold wake; that is,
comparatively lower SST largely located right-of-track, implying upwelling of cooler water from
the ocean subsurface (Figure 6.2). Evaluating Argo ocean profiles suggests a slightly deeper
oceanic mixed layer for Lorenzo. This is evident from the Argo float directly in the path of
Lorenzo which measured temperatures just below 28°C about 55 m deep on 25 September
(Figure 6.1). Floats near the track of Florence prior to its passage measured slightly warmer
water over a shallower layer, about 29°C and 40 m deep. The mixed layer for both TCs deepened
after passage as previously observed for strong TCs (e.g., Shay et al. 1992; Zhang et al. 2021),
with evidence of enhanced cooling—likely due to upwelling of colder water—for Lorenzo
compared with Florence, implying that the disruption of Lorenzo’s convection due to dry air was
exacerbated by low-level air parcels unable to regain energy due to low SST. An Argo float
measurement after Lorenzo’s passage from 3 October reveals a well-mixed cool wake slightly
above 25°C, below the 26°C threshold generally sufficient to support tropical convection.
Comparatively, two profiles in Florence’s wake reveal SSTs around 27°C after passage, which is
above the 26°C threshold.
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Figure 6.1

Lorenzo Argo profiles

Argo float ocean profiles before, during, and after Lorenzo. Inset maps show profile locations
and Lorenzo’s track during 28-30 September 2018.

Figure 6.2

Florence and Lorenzo SST

Daily SST [°C] on (a) 12 September 2018 for Florence and (b) 29 September 2019 for Lorenzo.
Solid contour indicates the 26.5°C isotherm. Line and dots indicate the TC track and HURDAT2
6-hourly locations on each date. Lorenzo has an additional 03 UTC time to record its peak
intensity.

In both cases, decreasing SSTs likely contributed to weakening as the surface fluxes were
unable to maintain the high intensity of each TC (Lorenzo peaked at 140 kt, Florence peaked at
130 kt). These SSTs decreased because the depth of warm water was shallow, resulting in
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upwelling, a process evident in the Argo profiles. The float directly in the wake of Lorenzo
showed SST <27C and a deep well-mixed layer below that (Figure 6.1). The ocean was
therefore unable to recover entropy at the surface through latent and sensible heat flux.
Reconnaissance data for flights reflect this, with decreased θe values at the surface during the
weakening periods. In the case of Lorenzo, there is evidence of low θe air being directly advected
into the core.
In summary, the major contributors to the different rates of weakening are as follows:
•

The timing of weakening onset relative to the TC diurnal cycle differed between
the two storms. Florence’s weakening began shortly before convection would
naturally strengthen overnight, and that cycle appeared largely uninterrupted via
6-hour brightness temperature differences. In contrast, Lorenzo’s peak intensity
occurred overnight, and the brightness temperature differences showed a sharp
warming as the TC began its rapid decay.

•

Though Lorenzo was in a more moist environment than Florence according to
TPW, the vertical location of the drier air differed between the two cases. Lorenzo
exhibited ventilation, while dry air around Florence was largely confined to the
upper levels (~300 hPa).

•

Florence was in an environment of light vertical wind shear throughout the
observed weakening period, reaching a maximum of 12 kt near the end of that
time frame, enabling the TC to maintain its vertically stacked structure and warm
core. By comparison, Lorenzo experienced moderate vertical wind shear of 15-19
kt throughout its weakening period.
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•

NOAA OISST and Argo float measurements show notable vertical mixing and
cooling of the ocean in the wake of both TCs, though SSTs decreased more for
Lorenzo than Florence.
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CHAPTER VII
CONCLUSIONS AND FUTURE WORK
This study used aircraft observations with additional context provided by satellite
observations and satellite-derived products to explore the mechanisms related to the rapid
weakening of Hurricane Lorenzo (2019) and the comparatively gradual weakening of Hurricane
Florence (2018). Both storms underwent these 24-h weakening periods just after reaching peak
intensity as major hurricanes, thus providing two examples of mature TCs for comparison.
Hurricane Lorenzo weakened from 140 kt to 90 kt in 24 hours, and Hurricane Florence
weakened from 130 to 110 kt in 24 hours. The two storms were observed by high-altitude (G-IV)
synoptic survey flights and low-altitude (NOAA P-3 or USAF WC-130) storm-penetrating
flights prior to and at some point during each weakening period.
The most impressive indicator of Lorenzo’s rapid weakening was the swift decay of
Lorenzo’s warm core and surface wind speed in response to dry air intrusion and decreasing
SSTs. Between the flights on 28 September and 29 September, MIMIC-TPW showed fairly
broad areas of relatively dry air wrapping into the core, evidence of environmental ventilation.
Evaporation induced by this dry air would cool air parcels and lead to sinking, negatively
affecting buoyancy and therefore convection, ultimately reducing the amount of latent heat
released in the core. Flight-level observations show a notable change in the thermodynamic
structure of the TC from 28 September to 29 September, with decreased dewpoint depressions
(indicating increased moisture) near the TC center and corresponding decay of the warm core
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(decreasing temperature) during weakening. The kinematic response to the warm core’s decay is
indicated by the ~30-kt decrease in peak SFMR estimated wind speeds and similar decrease in
dropsonde tangential wind speeds. As tangential winds decrease, so does the inertial stability of
the TC. Higher inertial stability would better confine parcels within the TC core and thus confine
the latent heat released by those parcels as they ascend in the eyewall. However, as inertial
stability weakens with decreasing tangential winds, the latent heat contribution of ascending
parcels spreads over a larger area, hindering the maintenance of the warm core. A weakened
warm core would reduce the ability of Lorenzo’s secondary circulation to perform work and thus
sustain its high intensity. This creates a negative feedback loop that further disrupts the core and
promotes TC decay.
Florence did not exhibit evidence of environmental ventilation: aircraft observations
showed little change in the TC’s thermodynamic structure at flight level. At the surface, SFMR
estimated wind speeds also showed little change between flights, further suggesting a more
gradual decay of the warm core. This more gradual decay was likely supported by Florence’s
comparatively favorable environment, including lower wind shear and higher SST which
remained above 26°C even after TC passage.
The Carnot heat engine is an idealized framework that helps explain the conversion of
heat energy to mechanical energy as observed through increasing surface wind speed. Lorenzo’s
unexpected rapid decay highlights limitations of this framework during weakening and the value
of aircraft observations to observe the changes in the TC warm core in response to ventilation
and thus explain the decreasing surface winds. However, aircraft reconnaissance is not always
available and, when it does occur, is limited to measurements along the flight path. This study
demonstrated multiple signatures on satellite imagery and satellite-derived products (e.g.,
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MIMIC-TPW, GOES ABI Band 13, 6-h differences in brightness temperature, and microwave
observations) that can provide valuable supplemental information to forecasters for quickly
weakening TCs. For example, the region of dry air seen circulating around Lorenzo’s center on
TPW imagery corresponds with the evidence of ventilation confirmed via aircraft observations.
Metrics used to evaluate the TC diurnal cycle (6-h brightness temperature differences) revealed
an anomalous warming, corresponding with weakening convection, near Lorenzo’s center during
RW. Additionally, the use of Argo float observations can help forecasters determine whether the
sea surface and subsurface are capable of energy fluxes sufficient to maintain the TC’s intensity,
particularly after a period of rapid intensification.
The data selected for evaluation in this study are largely available in real time to ensure
their relevance to real-time operations. One caveat is the use of the NHC best-track for stormrelative calculations such as radial wind and the TC diurnal cycle metrics. This approach was
selected to ensure the best possible estimate of the TC center location relative to the observed
and derived fields to support physical interpretation. However, in a real-time setting, the
operational best-track data would be used to perform these calculations.
These data (particularly reconnaissance data) have many limitations including large
spatial and temporal gaps. When available, aircraft radar can help fill these gaps. On both the Air
Force WC-130 and NOAA P-3, a nose radar unit is strictly used for navigation. However, P-3s
have a tail radar and lower fuselage radar for research purposes. These observations are used to
create horizontal composites or vertical cross-sections through the TC. More recently, these tail
and lower fuselage data are being used in quasi-real time for forecasting. For these reasons,
airborne radar would be useful in future studies of weakening TCs observed by aircraft.
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In the case of Hurricane Claudette, precipitation-induced cooling was ruled out due to its
brief lifespan (Shelton and Molinari 2009). They concluded that any boundary layer air modified
by precipitation could not have reached the eyewall and affected the convection in such a short
timescale. Much like Claudette, Lorenzo’s remarkably fast weakening (50 kt in 15 hours) gives
reason to reject the theory that modification of the boundary layer via downdrafts were the
leading cause of this weakening. Florence, though, experienced a more gradual decay allowing
more time for modified air to reach the core. However, reconnaissance aircraft have large spatial
and temporal limitations because observations can only be made along the path. For this reason,
conclusions on downdraft modification cannot be made. The use of airborne radar to detect
vertical velocities, for example, would be beneficial in such a case as it can reveal regions of
updrafts and downdrafts. Such observations, along with the data already used in this study,
would help determine the impact of downdraft air modification on the TC weakening.
Lorenzo and Florence weakened while relatively far from land in the open Atlantic
Ocean. Future studies will analyze additional weakening TCs observed by aircraft such as
Hurricane Marco, which weakened in the Gulf of Mexico after it peaked as a 65-kt hurricane
rather than a major hurricane. Although Marco never reached major hurricane intensity, it
weakened 25 kt (12.9 m s-1) in 24 hours and proved difficult to forecast. The official intensity
forecast error for Marco was greater than the mean official error for the previous 5-year period,
which was attributed to larger error due to underestimation of the effects of wind shear on
Marco’s expected intensity change (Beven and Berg 2021). These differences in intensity and
location are noteworthy as they provide context to the intensity changes. For instance, sea
surface temperatures and their gradients vary by location. In the case of weakening, this can
affect the rate at which entropy is restored in the lower levels and the rate at which a storm
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weakens. Lastly, TCs in the Gulf of Mexico are also more likely to be flown by reconnaissance
aircraft, therefore providing more frequent data due to their heightened likelihood of societal
impacts.
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